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The importance of trained immunity for vertebrate host defense is
evidenced by broad non-speciﬁc protection conferred by certain vac-
cines (Kleinnijenhuis et al., 2012), while it may play a maladaptive
role in chronic inﬂammatory diseases such as atherosclerosis
(Bekkering et al., 2014). The training effect manifests as a signiﬁcantly
heightened sensitivity to a secondary encounter with a pathogen ormi-
crobial product, characterized by enhanced secretion of pro-inﬂamma-
tory mediators speciﬁcally by cells of the innate immune system. Most
studies in the ﬁeld of trained immunity have accordingly focused on dif-
ferentiated innate immune cells such as monocytes, macrophages or
natural killer cells. Importantly, these studies have revealed extensive
reprogramming of the epigenome as the basis for innate immunemem-
ory (Novakovic et al., 2016). Epigenetic changes act at the level of chro-
matin: the dynamic complex of DNA and histone proteins that spatially
determines the transcriptional competency of a gene by regulating its
accessibility to the transcriptional machinery of the cell. Posttransla-
tional chemical modiﬁcation of chromatin components such as histone
N-terminal tails distinguishes and instructs the assembly of open and
closed chromatin structures, thereby inﬂuencing gene expression. The
transfer of methyl groups (methylation) to lysine residues of speciﬁc
histones by the SET domain of methyltransferase enzymes has emerged
as an important factor enhancing the expression of antimicrobial genes
by innate immune cells (Netea et al., 2016). Recent studies linkingmet-
abolic changes in trained cells with epigenetic reprogramming impli-
cate particular classes of histone modifying enzymes as proponents of
innate immune memory (Arts et al., 2016). However, the identities of
the speciﬁc enzymes responsible for the myriad epigenetic changes re-
main elusive.
Torre and colleagues used a planarian experimental infection
with Staphylococcus aureus as a model to study the properties of in-
nate immune memory, with relevance for vertebrate immunity as
well. In this model, infection of planarians with S. aureus changes in-
nate immune responses in an adaptive manner, resulting in an im-
proved rate of pathogen clearance upon subsequent reinfection.
Indeed planarians are renowned for their capacity to ﬁght infection
and remarkable regenerative abilities. In the pursuit of a mechanistic
link between these processes, Torre et al. identiﬁed two important
novel mechanisms central to the induction of trained immunity (or
instructed immunity, as deﬁned by the authors). First, the authors
demonstrate the importance of a speciﬁc population of pluripotent
stem cells called neoblasts for innate immune memory. Second,
through a series of experiments using RNA interference, the re-
searchers revealed that genes important for innate immunity confer
sustained resistance to S. aureus via a signaling cascade that is con-
tingent on the Smed-setd8–1 lysine methyltransferase.
These observations are signiﬁcant for understanding responses
during infection and vaccination in humans. One important aspect
for which the study of Torre and colleagues is signiﬁcant is for pro-
viding important clues on the physiological mechanisms mediating
trained immunity in humans at the level of immune progenitor
cells. The long-term protection conferred by vaccination with
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☆ The ability for vertebrates to mount immunological memory has classically been
regarded as the exclusive realm of the adaptive immune system. The innate immune
system on the other hand has long been thought to lack the capacity to adapt after an
encounter with a pathogen or vaccine. However, an increasing body of evidence
challenges this distinction, deﬁning the process of innate immune memory (also termed
trained immunity) as a heightened responsiveness to a secondary infection owing to
functional and epigenetic reprogramming of cells of the innate immune system (Netea
et al., 2016). Many organisms that do not possess an adaptive immune system also
exhibit enhanced innate resistance to reinfection (Milutinovic and Kurtz, 2016). Thus,
the evolutionary conservation of innate immune memory across various phyla provides
important opportunities to understand this biological process in humans. The novel
ﬁndings presented in this issue of EBioMedicine by Torre et al. (Torre et al., 2017)
describe the existence of similar mechanisms of trained immunity in planarians
(phylum Platyhelminthes) and reveals novel insights regarding the epigenetic processes
mediating gene expression changes essential for the trained phenotype.
☆☆ Blockade of planarian immunememory by pre-treatment with a pan-methylation in-
hibitor parallels similar ﬁndings in humans (Netea et al., 2016) and further underscores
the importance of lysine methylation for trained immunity. This is supported by observa-
tions of Smed-setd8-1-dependent global increases in lysinemethylation upon stimulation
with S. aureus. However, without a directmeasurement of chromatinmethylation it is dif-
ﬁcult to deﬁne how this methyl enrichment is distributed across different protein sub-
strates and gene regulating functions. Enzymes that methylate histones also methylate
lysines on various other proteins such as transcription factors, often inﬂuencing their sta-
bility and/or function (Keating et al., 2014). Indeed human SET8 regulates gene expression
by methylation of lysines on both histones and transcription factors (Milite et al., 2016).
Furthermore, methyltransferase enzymes can methylate each other. Therefore, the possi-
bility that Smed-setd8-1 methylates and thereby regulates other enzymes that in turn
maintain lysine methylation should be considered in future studies.
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Bacillus Calmette–Guérin (BCG) far exceeds the lifespan of innate
immune cells in the circulation (Kleinnijenhuis et al., 2012). The ca-
pacity to induce innate immune memory in pluripotent neoblasts in
planarians advocates the possibility that innate immune cell precur-
sors in vertebrates can also mount epigenetic and functional
reprogramming and thus mediate innate immune memory. Indeed,
myeloid cell progenitors have been demonstrated to mediate long-
term TLR2-induced tolerance (Yanez et al., 2013), and a similar role
may be expected for trained immunity.
An important observation is also that Smed-setd8–1 in planarians is
homologous to human SET8 (also known as KMT5A), indicating poten-
tial for a similar regulatory function in vertebrates. Studies exploring
epigenetic changes associated with innate immune memory have fo-
cused predominantly on post-translational modiﬁcations of H3 his-
tones. Torre et al. now provide the impetus to expand this search to
the tails of H4 histones, which aremethylated only at lysine 20. Methyl-
ation of H4 histones has previously been associatedwith transcriptional
memory in diabetic rodents (Zhong and Kowluru, 2011), although the
precise regulatory function of this modiﬁcation remains controversial
(Milite et al. 2016). Importantly the addition of a single methyl group
to H4 histones is associated with transcriptional activation (Barski et
al., 2007), and SET8 is the only enzymeknown towrite thismodiﬁcation
(Milite et al., 2016).
To conclude, the elegant study by Torre et al. describes a system of
acquired resistance in planarians that shares several important features
with trained immunity in vertebrates. Infectionwith S. aureus initiates a
program of heightened defense against the same pathogen. It remains
to be seen how closely this systemmirrors the broad non-speciﬁcmem-
ory of trained immunity. Nevertheless, the central role of neoblasts and
Smed-setd8–1 informs about potential new researchpaths in the search
for epigenetic regulators of innate immune memory in vertebrates.
Identiﬁcation of these key factors will greatly accelerate the realization
of novel therapeutic approaches to the treatment of infectious and
auto-inﬂammatory diseases, as well as the improvement of vaccination
programs (Netea et al., 2016).
Disclosure
The authors declare no conﬂicts of interest.
Acknowledgements
MGNwas supported by an ERC Consolidator Grant (#310372) and a
Spinoza grant of the Netherlands Organization for Scientiﬁc Research.
NPR and MGN received funding from the European Union Horizon
2020 research and innovation program under grant agreement No
667837.
References
Arts, R.J., Novakovic, B., Ter Horst, R., Carvalho, A., Bekkering, S., Lachmandas, E., et al.,
2016. Glutaminolysis and fumarate accumulation integrate Immunometabolic and
epigenetic programs in trained immunity. Cell Metab. 24, 807–819.
Barski, A., Cuddapah, S., Cui, K., Roh, T.Y., Schones, D.E., Wang, Z., et al., 2007. High-reso-
lution proﬁling of histone methylations in the human genome. Cell 129, 823–837.
Bekkering, S., Quintin, J., Joosten, L.A., Van Der Meer, J.W., Netea, M.G., Riksen, N.P., 2014.
Oxidized low-density lipoprotein induces long-term proinﬂammatory cytokine pro-
duction and foam cell formation via epigenetic reprogramming of monocytes.
Arterioscler. Thromb. Vasc. Biol. 34, 1731–1738.
Keating, S.T., Ziemann, M., Okabe, J., Khan, A.W., Balcerczyk, A., El-Osta, A., 2014. Deep se-
quencing reveals novel Set7 networks. Cell. Mol. Life Sci. 71, 4471–4486.
Kleinnijenhuis, J., Quintin, J., Preijers, F., Joosten, L.A., Ifrim, D.C., Saeed, S., et al., 2012.
Bacille Calmette-Guerin induces NOD2-dependent nonspeciﬁc protection from rein-
fection via epigenetic reprogramming of monocytes. Proc. Natl. Acad. Sci. U. S. A.
109, 17537–17542.
Milite, C., Feoli, A., Viviano, M., Rescigno, D., Cianciulli, A., Balzano, A.L., et al., 2016. The
emerging role of lysine methyltransferase SETD8 in human diseases. Clin. Epigenetics
8, 102.
Milutinovic, B., Kurtz, J., 2016. Immune memory in invertebrates. Semin. Immunol. 28,
328–342.
Netea, M. G., Joosten, L. A., Latz, E., Mills, K. H., Natoli, G., Stunnenberg, H. G., et al. 2016.
Trained immunity: a program of innate immune memory in health and disease. Sci-
ence, 352, aaf1098.
Novakovic, B., Habibi, E., Wang, S. Y., Arts, R. J., Davar, R., Megchelenbrink, W., et al. 2016.
Beta-glucan reverses the epigenetic state of LPS-induced immunological tolerance.
Cell, 167, 1354-1368 e14.
Torre, C. et al., 2017. Staphylococcus aureus Promotes Smed-PGRP-2/Smed-setd8-1 meth-
yltransferase Signalling in planarian Neoblasts to sensitize anti-bacterial Gene re-
sponses during re-infection. EBioMedicine, 24(0), pp. 7949–7957. DOI: 10.1016/j.
ebiom.2017.04.031.
Yanez, A., Hassanzadeh-Kiabi, N., Ng, M.Y., Megias, J., Subramanian, A., Liu, G.Y., et al.,
2013. Detection of a TLR2 agonist by hematopoietic stem and progenitor cells impacts
the function of the macrophages they produce. Eur. J. Immunol. 43, 2114–2125.
Zhong, Q., Kowluru, R.A., 2011. Epigenetic changes in mitochondrial superoxide dismut-
ase in the retina and the development of diabetic retinopathy. Diabetes 60,
1304–1313.
8 S.T. Keating et al. / EBioMedicine 20 (2017) 7–8
